Our group is interested in rRNA and ribosome biogenesis in the parasitic protozoan Trypanosoma cruzi. Epimastigotes represent an extracellular replicative stage of T. cruzi and can be cultured in axenic media. The growth curve of epimastigotes allows assessment of potential differences in the nucleoli of cells undergoing growth-rate transitions. To establish cellular parameters for studying ribosome biogenesis in T. cruzi, a morphometric analysis of the nucleoli of cultured cells in the exponential and stationary phases was conducted. Electron micrograph-based measurements of nuclear sections from independent cells demonstrated that the nucleolar area is over twofold higher in exponentially growing cells, as compared with epimastigotes in the stationary phase. The granular component of the nucleoli of actively growing cells was the main structural element. Cycloheximide moderately reduced the apparent size of the nucleoli without an apparent disruption of their architecture. Our results provide a firm basis for the establishment of an experimental model to study the organization of the nucleolus during the growth and development of T. cruzi.
Introduction
The American trypanosome Trypanosoma cruzi is a parasite that infects humans as well as sylvatic and domestic animals. Human infection may result in Chagas disease, which is widespread in Mexico, Central and South America. As is the case with other protozoa, T. cruzi possesses a complex life cycle in both vertebrate and insect vectors. If present in the peripheral blood of a mammalian host, T. cruzi trypomastigotes may be ingested during a blood meal by the haematophagous reduviid bug. In the hindgut of this vector, the parasites first develop into replicative amastigotes and then into flagellated epimastigotes. Next, elongated forms of epimastigotes attach to the distal portion of the vector's hindgut before differentiation into nondividing metacyclic trypomastigotes. These forms are excreted in situ, along with urine and faeces, after the blood meal. Contamination of the insect-bite wound or mucous membranes of the mammalian host with these excreta leads to infection. Within the vertebrate host, T. cruzi is able to infect a wide range of nucleated cells, in which proliferation into intracellular amastigotes and intermediate flagellated forms occurs. New nondividing trypomastigotes then emerge into the bloodstream due to host-cell lysis. This T. cruzi residence in the host is maintained by the successive infection of cells by blood trypomastigotes (Tyler & Engman, 2001) .
Differential gene expression occurs during the development of T. cruzi, mainly via post-transcriptional regulation of mRNAs (Teixeira, 1998; Haile & Papadopoulou, 2007) . Our laboratory is interested in the organization and expression of the atypical modular rRNA gene system of this microbial eukaryote (Hernández et al., 1993; FigueroaAngulo et al., 2006) , as well as in the architecture of its nucleolus (López-Velázquez et al., 2005) . Trypanosoma cruzi can organize well-defined nucleoli that are disassembled during nondividing developmental stages of its life cycle (Elias et al., 2001) . Since the early work of Camargo (1964) , it has been widely accepted that the growth curve of dividing epimastigotes can give rise to nondividing metacyclic trypomastigotes in the stationary phase. To provide cellular parameters for basic research on T. cruzi, we studied differences in nucleolar size when exponentially growing epimastigotes stop dividing as they enter the stationary phase. Nucleoli from cells in which protein synthesis was disrupted were analysed as well. The work presented here offers a firm basis for the establishment of an experimental system to analyse the organization of the nucleolus during growth-rate transitions in T. cruzi.
Materials and methods

Cell cultures
Trypanosoma cruzi epimastigotes from the CL Brener strain were grown at 28 1C in liver infusion tryptose (LIT) medium supplemented with 10% heat-inactivated foetal bovine serum (Camargo, 1964) . These cultures become heterogeneous over time, and so to reduce variability in the experimental data, the cellular population was routinely maintained in the exponential growth phase. Cultures were established at 1 Â 10 6 cells mL À1 and were then diluted back to this original density when they reached 30 Â 10 6 cells mL À1 . A stable stationary phase is defined herein by no change in the cell count over 72 h, at which point about 5% of the population were metacylic trypomastigotes. In experiments in which translation was impaired, cultures of exponentially growing epimastigotes were diluted to 1 Â 10 6 cells mL À1 in complete LIT medium containing 100 mg mL À1 cycloheximide (Sigma). This drug was added to the cultures from a 30 mg mL À1 stock in 57%
ethanol. The drug vehicle concentration in culture was 0.18%.
Transmission electron microscopy and morphometric analysis
About 1 Â 10 6 culture-derived epimastigotes were processed for standard transmission electron microscopy as described earlier (López-Velázquez et al., 2005) . Briefly, samples were fixed in 2.5% glutaraldehyde in phosphate-buffered saline for 2 h, postfixed in 1% osmium tetroxide for 1 h, dehydrated using a graded series of ethanol and embedded in epoxy resin. Thin sections were then mounted on copper grids and contrasted using uranyl acetate and lead citrate. Estimates of nucleolar area were derived from digital images of whole nuclei analysed using IMAGE J software (http:// rsbweb.nih.gov/ij/). The significance of differences in nucleolar size between groups was evaluated using the Mann-Whitney U-test. When three samples were compared, an ANOVA was carried out.
Transcription assays
Transcription assays were performed according to published methods (Ullu & Tschudi, 1990) . Briefly, 1 Â 10 9 epimastigotes were harvested from exponentially growing and stationary cultures. These cells were washed twice with buffer A (150 mM sucrose, 20 mM potassium chloride, 3 mM magnesium chloride, 20 mM HEPES-potassium hydroxide (pH 7.9), 1 mM dithiothreitol and 10 mg mL À1 leupeptin), resuspended in 833 mL of buffer A at a density of 6 Â 10 8 cells mL À1 and incubated on ice for 5 min. Epimastigotes were then permeabilized with 250 mg mL À1 L-a-lysophosphatidylcholine palmitoyl for 1 min at 4 1C, washed twice with buffer A and brought to a final volume of 50 mL in buffer A. An equal amount of transcription cocktail buffer (75 mM sucrose, 20 mM potassium chloride, 3 mM magnesium chloride, 1 mM dithiothreitol, 10 mg mL À1 leupeptin, 25 mM creatinine phosphate, 0.6 mg mL À1 creatinine kinase, 2 mM ATP, 1 mM CTP and 1 mM GTP) containing 50 mCi of [a-32 P]-UTP was added, followed by incubation at 28 1C. The time course was then monitored by removing 5-mL aliquots at the indicated times (Fig. 1a) . Macromolecules were precipitated with cold (4 1C) trichloroacetic acid (TCA) containing 10 mg mL À1 of carrier tRNA and immobilized on a GF/C filter (Whatman). After these filters were washed with cold 10% TCA and dried, radioactivity was quantified by liquid scintillation. Additionally, a suspension of isolated nuclei was used for the transcription assays. The nuclei were prepared essentially according to published methods for a related trypanosomatid (Martínez-Calvillo et al., 2001) .
Results
Axenic cultures of T. cruzi epimastigotes undergo an exponential growth phase followed by a logarithmic transition phase before entering the stationary phase, in which the cells stop dividing. To compare the transcription rate (RNA biosynthetic activity) of exponentially growing and stationary epimastigotes under our culture conditions, [a-32 P]-UTP incorporation was measured in cells permeabilized with lysolecithin (Fig. 1a ) and in nuclear suspensions (Fig.  1b) . In both cases, epimastigotes in the exponential growth phase exhibited higher transcription activity than cells derived from the stationary phase. Relative figures from the initial linear phase of the graphs indicate an approximately sixfold difference in permeabilized cells and 10-fold difference in the nuclear preparations. The higher estimate of activity in the nuclear suspension may be due to faster distribution of reactants in the assay.
Based on published data, the vast majority of cellular transcription in T. cruzi corresponds to rRNA (Elias et al., 2001) , which is synthesized in the nucleolus of eukaryotic organisms. Additionally, it is generally accepted that nucleolar organization correlates with cellular proliferation activity. To explore potential size differences in the nucleoli of epimastigotes growing in the exponential and stationary growth phases, nuclei from cultured cells were analysed by standard transmission electron microscopy. The cellular population of exponentially growing epimastigotes included cultures with densities in the range of 1 Â 10 6 -30 Â 10 6 cells mL
À1
, while the stationarycell category included only cultures whose growth had stopped for at least 72 h. Because a well-structured nucleolus was not observed in the nuclear sections of a large number of cells (i.e. up to 30% of exponentially growing epimastigotes), only nucleoli present as a single granular body were considered in our morphometric analysis, based on previous work (López-Velázquez et al., 2005) . Figure 2a depicts representative micrographs of exponential and stationary nuclei in which the nucleolus (No) may be noted. The peripheral heterochromatin is also depicted (H). Figure 2b shows the box-plot distribution of the measured area of the nucleoli, indicating that the median nucleolar area calculated based on exponentially growing cells is significantly larger (4 2-fold, P o 0.0001) than that of cells at the stationary phase.
The nucleoli of trypanosomatids are not structured into three different components as in mammalian cells, but rather only into granular and dense fibrillar components (Ogbadoyi et al., 2000; López-Velázquez et al., 2005) . Here, the granular component is clearly dominant in the nucleoli of exponentially growing cells (Fig. 3a) ; its presence is less evident in nuclei from the stationary phase (Fig. 3b) . In agreement with these differences in nucleolar architecture, a higher density of granules (presumably ribosomes) in the cytoplasm (Cy) of the exponentially growing cells was also noted (Fig. 2a) . Regarding the heterochromatin appearance, a closer examination of this nuclear structure is presented in Fig. 4 where a compact and relatively homogeneous material is indicated by arrows. So far we have considered the nucleolus as a fibrogranular structure independent from heterochromatin. Nevertheless, localized interactions between these two nuclear compartments can be observed. The blockade of protein synthesis, as with cycloheximide, results in early alteration of pre-rRNA processing and ribosome formation (Hadjiolov, 1985) . Moreover, this drug can profoundly affect nucleolar organization (Ghosh & Paweletz, 1994) . To analyse the potential effect of cycloheximide on the nucleolar size of epimastigotes, an exponentially growing culture was diluted and divided into three parts. Cycloheximide was added to one part, the drug vehicle was added to the second part, and the rest of the culture was left untreated. Cellular samples were then processed 1 and 2 days later for nucleolar analysis, as described above. Figure 5a indicates that cells treated with cycloheximide do not grow and that their nucleoli appear slightly smaller than those of control cells (Fig. 5b and c) . The growth rate and the nuclear architecture of the cells treated with the drug vehicle were similar to those observed in the untreated control cells. Finally, in terms of transcription, run-on assays showed a fivefold diminished UTP incorporation rate in nuclei isolated from cells treated with cycloheximide for 24 h, as compared with control-cell nuclei (data not shown).
Discussion
The nucleoli of T. cruzi epimastigotes have been previously analysed by electron microscopy (López-Velázquez et al., 2005) . More specifically, a spherical, intranuclear fibrogranular organelle was characterized using ultrastructural cytochemical and immunocytochemical techniques. Regarding T. cruzi nucleolus formation, it has been reported that this organelle is only structured in well-defined developmental stages in which T. cruzi proliferates (Elias et al., 2001) , because proliferation demands vigorous cellular transcription and translation. To address the link between cellular proliferation, metabolic activity and ribosome biosynthesis in T. cruzi, it is important to establish such basic parameters as transcription rate and nucleolar size. The in vitro growth curve of epimastigotes represents a viable system for attaining these goals.
Because rRNA transcription represents the vast majority of transcription in T. cruzi (Elias et al., 2001) , it is likely that the difference in the total transcription rate between exponentially growing and stationary cells, observed here, mainly represents distinctive rRNA-related biosynthetic activity. The transcription activity in T. cruzi cultures at stationary phase has been analysed earlier, but the published reports show an apparent incomplete or contradictory data. On the one hand, there is a report with the statement of an observed reduced transcription activity for noninfective T. cruzi forms at stationary phase, but the data is not shown (Elias et al., 2001) . In contrast, in a second publication it is claimed that epimastigotes at stationary phase sustain a high transcription activity derived by RNA polymerase II (Ferreira et al., 2008) , nevertheless the contribution of RNA polymerase I is not discussed. In any case, the results presented here agree with the first statement (Elias et al., 2001) . Because the transcription sustained by RNA polymerase I represents the main transcription activity in T. cruzi, transcription of ribosomal genes (rRNA) in this species may be coregulated with cellular proliferation status, and not only with development (Elias et al., 2001) . A link between cell growth and the transcription of rRNA genes is likely evolutionarily conserved because it has been noted in other eukaryotic species, including vertebrate cells (Moss et al., 2007) .
In most eukaryotes, the transcription of tandem arrays of reiterated rRNA genes results in organization of the nucleolus (reviewed in Hadjiolov, 1985) . The T. cruzi genome harbours around 110 copies of rRNA genes (Castro et al., 1981) clustered with spacers longer than 20 kb (Hernández & Castañeda, 1983) . In the present work, our comparison of nucleoli from growing and stationary cells revealed that nucleoli area is significantly larger during exponential growth. The granular preponderance of nucleoli and cytoplasm in actively dividing cells most likely reflects the abundance of preribosomes and ribosomes under these physiological conditions. Regarding nuclear analysis of cells treated with cycloheximide, treated cells presented a moderate reduction in their nucleolis' sizes without an apparent disruption of their architecture.
Finally, we emphasize that numerous reports demonstrate significant variety in rRNA gene organization in the nuclear genome of eukaryotic microorganisms (reviewed in Torres-Machorro et al., 2010) . In contrast, the description of potential nucleolar changes associated with differences in growth conditions is a virtually unknown field in the biology of T. cruzi and similarly remarkable organisms.
